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(LO)-(OH)]
2+ (D1) {LO is a binucleating ligand with copper-bridging phenolate moiety} in the presence of trifluoroacetic acid (HOTF) in acetone. (D) . The other involves direct reaction of O 2 with the mixed-valent compound D2 followed by rapid Fc * reduction of a putative superoxo-dicopper(II) species thus formed, producing D.
■ INTRODUCTION
Copper proteins that are involved in dioxygen (O 2 ) processing 1 possess highly evolved active-site environments, thus optimized via ligation with appropriate atom type (e.g., N, O, S), ligand charge (e.g., RS − vs RSR′), the number of donors and their juxtaposition, resulting steric factors and second coordination shell influences, 2 all leading to the generation of specific Cu n (O 2 ) (n = typically 1−3) structures suitable for a particular function.
1f,3 The latter include O 2 -transport (Cu I 2 + O 2 ⇄ Cu 2 (O 2 )) and substrate oxygenation (R−H → R−OH). 4 Another major class is copper oxidases, those effecting two-electron substrate oxidations (galactose oxidases 5 and amine oxidases) 6 while reducing O 2 to H 2 O 2 . 7 Meanwhile, multicopper oxidases (MCO's) 1a,1c,8 and heme-copper oxidases (HCO's) 9 facilitate 4e − /4H + reduction of dioxygen to water; the latter reactivity is analogously a fuel cell reaction.
10−16
The ligand environment also defines the resulting chemistry for copper(I)−O 2 complexes, and dramatic tuning of O 2 -adduct structure and reactivity may come via a change in chelate ligand denticity. Tetradentate nitrogen-based ligands typically provide for μ-1,2-peroxodicopper(II) adducts (A), tridentate chelates generally lead to side-on bound (μ-η We recently became interested in examining discrete copper complexes as catalysts for 4e
+ O 2 -reduction to water. 15, 17 There is considerable interest in such catalysis, not only to aid the elucidation of fundamental principles relevant to biological processes (as above), but also due to the technological significance such as in fuel cell applications. [10] [11] [12] [13] [14] [15] [16] 18 In fact, we found that ligand−(di)copper complexes forming A, B, or C (Scheme 1) can all catalyze the solution-phase 4e
+ O 2 -reduction to water, employing ferrocenes reductants and acids as proton sources.
17
This methodology, as opposed to planting metal complexes onto electrode surfaces, 10−16,18 enables reaction mechanism elucidation via solution kinetic and spectroscopic monitoring of key steps occurring and intermediates forming during catalysis. 15 2+ (D4) (Scheme 2). 29 As will be shown in this Article, this step is one of the keys to providing the observation of overall catalytic twoelectron two-proton reduction of dioxygen to hydrogen peroxide (eq 1):
(1) . 34 Hydrogen peroxide has also been used as a highly efficient and environmentally benign oxidant in terms of delignification efficiency and reducing ecological impact.
35,36
■ EXPERIMENTAL SECTION Materials. Grade quality solvents and chemicals were obtained commercially and used without further purification unless otherwise noted. Decamethylferrocene (Fc * ) (97%), octamethylferrocene (Me 8 Fc), 1,1′-dimethylferrocene (Me 2 Fc), ferrocene (Fc), hydrogen peroxide (50%), and HOTF (99%) were purchased from Aldrich Co., U.S., and NaI (99.5%) was from Junsei Chemical Co., Japan. Acetone was purchased from JT Baker, U.S., and used either without further purification for non-air-sensitive experiment or dried and distilled under argon and then deoxygenated by bubbling with argon for 30−45 min and kept over activated molecular sieve (4 Å) for air-sensitive experiments. 37 Preparation and handling of air-sensitive compounds were performed under Ar atmosphere (<1 ppm O 2 , <1 ppm H 2 O) in a glovebox (Korea Kiyon Co., Ltd.). The copper complexes [Cu ) for the low temperature generation of hydroperoxo species were prepared according to the literature procedures. 29 The use of BArF − rather than SbF 6 − as counteranion was due to the resulting higher stability and ease of handling of the air-sensitive dicopper(I) complex as well as the greater stability of the peroxo and hydroperoxo species that were then generated. Anal. Calcd for (C 36 Instrumentation. UV−vis spectra were recorded on a HewlettPackard 8453 diode array spectrophotometer equipped with a UNISOKU Scientific Instruments Cryostat USP-203A for low-temperature experiments or an UNISOKU RSP-601 stopped-flow spectrometer equipped with a MOS-type highly sensitive photodiode array. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were performed on an ALS 630B electrochemical analyzer, and voltammograms were measured in deaerated acetone containing 0.20 M TBAPF 6 as a supporting electrolyte at −40°C. The temperature was controlled by use of an MeCN/liquid N 2 bath. A conventional three-electrode cell was used with a gold working electrode (surface area of 0.3 mm 2 ), and a platinum wire was the counter electrode. The Au working electrode (BAS) was routinely polished with BAS polishing alumina suspension and rinsed with acetone before use. The potentials were measured with respect to the Ag/AgNO 3 (0.010 M) reference electrode. All potentials (vs Ag/Ag + ) were converted to values vs SCE by adding 0.29 V. 38 All electrochemical measurements were carried out under an atmospheric pressure of nitrogen. X-band EPR spectra were recorded at 5 K using an X-band Bruker EMX-plus spectrometer equipped with a dual mode cavity (ER 4116DM). Low temperature was achieved and controlled with an Oxford Instruments ESR900 liquid He quartz cryostat with an Oxford Instruments ITC503 temperature and gas flow controller. The experimental
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Journal of the American Chemical Society parameters for EPR spectra were as follows: microwave frequency = 9.6483 GHz, microwave power = 1.0 mW, modulation amplitude = 10 G, gain = 5 × 10 2 , modulation frequency = 100 kHz, time constant = 81.92 ms, and conversion time = 81.00 ms.
Kinetic Measurements. The spectral change in the UV−visible was recorded on a Hewlett-Packard 8453 diode array spectrophotometer equipped with Unisoku thermostatted cell holder for lowtemperature experiments. In a typical catalytic reaction, the quartz cuvette is loaded with 3 mL of 10:30:1 Fc * /HOTF/D1 (1.0 × 10 −4 M) in a degassed solution of acetone. O 2 gas (99.999%) was then introduced into the solution through a needle for 1 min to make it O 2 -saturated. The catalytic reaction is monitored by the increase in the absorbance at 780 nm corresponding to the formation of the ferrocenium cation (Fc *+ ) (ε = 5.8 × 10 2 M −1 cm −1 ). The ε value of Fc *+ was confirmed by the electron-transfer oxidation of Fc * with p-benzoquinone in the presence of HOTF (see Figure S1 in the Supporting Information).
The limiting concentration of O 2 in an acetone solution was prepared by injecting a different aliquot of an O 2 -saturated acetone solution (1.1 × 10 −2 M), 39 prepared by bubbling O 2 through argonsaturated acetone in a Schlenk tube for 30 min at 298 K. 40 In case of the experiment involving 2.2 equiv of O 2 relative to D1 (1.0 × 10 −4 M), 60 μL of the O 2 -saturated acetone solution was injected into the cuvette with the total volume of 3 mL.
Iodometric Titration for the Determination of H 2 O 2 . The amount of H 2 O 2 was determined by titration with iodide ion. 41 The diluted acetone solution (1/15) of the reduced product of O 2 was treated with an excess of NaI. The amount of I 3 − formed was then quantified using its visible spectrum (λ max = 361 nm, ε = 2.5 × 10 4 M −1 cm
−1
). The controlled reactions including the reaction of D1 complex with NaI, H 2 O 2 with NaI in the absence of D1, and H 2 O 2 with NaI in the presence of D1 were also performed to elucidate the exact amount of H 2 O 2 generated in the catalytic two-electron reduction of O 2 by Fc (1.0 × 10 −4 M) and TFA (1.0 × 10 −3 M) in 3 mL of O 2 -free acetone, giving an orange solution. The cuvette was fully sealed with septum and quickly removed from the glovebox and cooled to −80°C. O 2 gas was then gently bubbled through the solution using a needle. The formation of the hydroperoxo species was followed by the change in the absorbance at 395 nm.
DFT Calculations. Density-functional theory (DFT) calculations were performed on a 32CPU workstation (PQS, Quantum Cube). Geometry optimizations were carried out using the Becke3LYP functional and lanl2dz basis set as implemented in the Gaussian 09 program revision A.02. 42 Graphical outputs of the computational results were generated with the Gauss View software program (ver. Thus, selective two-electron reduction of O 2 with Fc * occurred in the presence of excess HOTF and a catalytic amount of D1 in acetone at 223 K. When the temperature was raised to 298 K, the yield of H 2 O 2 decreased to 55% because of competition with the direct reduction of H 2 O 2 by Fc * ( Figure S6 in the Supporting Information). Thus, the kinetic analyses were performed at 223 K (vide infra).
The rate of formation of Fc *+ (inset of Figure 1 ) obeyed first-order kinetics ( Figure S7 in the Supporting Information). The observed first-order rate constant increased linearly with increasing concentration of the catalyst (D1) as shown in Figure 2a . The dependence of k obs on concentration of HOTF was also examined, and the results are shown in Figure 2a , where the k obs value remains the same with increasing concentration of HOTF. The dependence of k obs on concentration of O 2 is shown in Figure 2b , where the k obs value increases linearly with increasing concentration of O 2 and a clear intercept is recognized ( Figure S8 in the Supporting Information). Thus, the rate of formation of Fc *+ is given by eq 2:
where k cat is the second-order catalytic rate constant, k 1 corresponds to the second-order rate constant, which is independent of concentration of O 2 , and k 2 corresponds to the rate constant, which is dependent on concentration of O 2 . In the next section, each step in the catalytic cycle in Scheme 3 is examined in detail to reconcile the kinetic formulation given by eqs 2 and 3. Protonation of [Cu II 2 (LO)(OH)](SbF 6 ) 2 (D1). Because no oxidation of Fc * by O 2 occurred in the presence of D1 without added acid, a spectral titration of D1 with HOTF was carried out (Figure 3a) . The result is that the absorption band at 378 nm due to [Cu 
The binuclear Cu(II) complex [Cu II 2 (LO)(OH)] (D1) is EPR silent because of antiferromagnetic coupling of the two Cu(II) ions. The protonated complex D1-OTF was also EPR silent ( Figure S11 in the Suppporting Information). This indicates that two Cu(II) ions still maintain an electronic/ magnetic interaction after the protonation of D1. Because the catalytic reduction of O 2 by Fc * with D1 was made possible only by the presence of TFA, the effect of protonation of D1 by TFA on the one-electron reduction of D1 was examined by cyclic voltammetry (CV) and difference pulse voltammetry (DPV) measurements. Figure 4a shows a CV of D1 in acetone at 233 K. The irreversible cathodic peak current was observed at −0.71 V vs SCE at a sweep rate of 0.10 V s −1 , while the DPV exhibits the cathodic peak at −0.68 V vs SCE. The cathodic peak is much more negative as compared to the one-electron oxidation potential of Fc * (E ox = −0.08 V vs SCE). 45−47 This is the reason why no electron transfer from Fc * to D1 ensues, thus precluding copper(I) formation, O 2 -reaction, and Fc * oxidation. In the presence of HOTF, however, the DPV peak is shifted to a positive direction as shown in Figure 4b , where a first and also a second one-electron reduction peak for [Cu 2+ (D2) may (and does) form (vide infra). In the presence of O 2 , a catalytic current for the reduction of O 2 is observed at −0.02 V, which corresponds to the second one-electron reduction of D1-OTF (Scheme 3), and the catalytic current increases with increasing concentration of O 2 (Figure 4b) .
Two-Step Electron Transfer from Fc
2+ (D1-OTF). As was said, the E ox value of Fc * is more negative than the first and second one-electron potentials of D1-OTF, making electron transfer from Fc * to D1-OTF thermodynamically feasible. Thus, we examined the dynamics of electron transfer from Fc * to D1-OTF. In fact, electron transfer from Fc * to D1 in the presence of HOTF occurs by a two-step process, this not being unexpected based on the observation that two oneelectron reduction peaks are observed, Figure 4b . Figure 5 shows the UV−vis changes corresponding to the first step in the presence of 2.0 mM HOTF at 203 K. At this temperature, most D1 molecules are converted to D1-OTF with 2.0 mM HOTF. The amount of Fc *+ produced in the first electron transfer from Fc * to D1-OTF is the same as the concentration of D1 (0.10 mM). The rate of formation of Fc *+ obeyed pseudo-first-order kinetics at the initial stage of the reaction in the presence of HOTF (3.0 mM) in acetone at 203 K ( Figure S12 in the Supporting Information). The observed pseudo-first-order rate constant (k obs ) increases linearly with increasing the concentration of Fc * ( Figure 6 ). The second-order rate constant (k et1 ) of electron transfer from Fc * to D1-OTF was determined to be 7.8 M , showing that 1 equiv of Fc *+ is formed in the first step, that is, first phase. Note: The nonzero absorbance at 780 nm before the mixing of D1 and Fc * is due to the d−d transition of D1 complex, causing a large increase when the initial spectrum was recorded. This absorbance was subtracted from the total absorbance to give the absorbance due to Fc *+ to determine the rate constant. . It is important to note that the k et2 value determined from the second step electron transfer from Fc * to D1 in the presence of HOTF (2.0 mM) is one-half of the k 1 value (11 M −1 s −1
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) obtained as an intercept in Figure 2b . This clearly indicates that the second step electron transfer from Fc * to D1 in the presence of HOTF is the ratedetermining step in the catalytic cycle in Scheme 3, because once 1 equiv of Fc *+ is formed by electron transfer from Fc * to D2, another equivalent of Fc *+ is rapidly formed by the first step electron transfer from Fc * to D1-OTF. In such a case, the rate of formation of Fc *+ is derived from Scheme 3 as given by eq 6. By comparing eq 6 with the experimental results (eqs 1 and 2), k 1 in k cat (eq 2) corresponds to 2k et2 , that is, k et2 = (1/2)k 1 (intercept). The nonzero absorbance at 780 nm before the mixing of D2 and Fc * is due to a d−d transition of this complex, and this causes a large increase in recording of the first spectrum. For practical reasons, this absorbance is subtracted from the total absorbance to give the absorbance due to Fc *+ to calculate the rate constant. The temperature dependence of k et2 was examined, and the Eyring plot ( Figure S14 in the Supporting Information) afforded the activation enthalpy (ΔH ⧧ = 11.2 ± 0.2 kcal mol −1
) and activation entropy (ΔS
). An activation entropy close to zero was previously reported for electron transfer from ferrocene derivatives to Cu(II) complexes. (Figure 10a) . Instead, when 1 equiv of HOTF is added to the solution containing D, the hydroperoxo complex D4 forms very rapidly (Figure 10b) , as expected. Figure 11b , where the absorption spectrum due to D4 was not changed by the addition of Fc * . This is the reason why the selective two-electron reduction of O 2 by Fc * occurs; that is, the hydroperoxo-dicopper(II) complex D4 is not susceptible to reduction, and thus with catalyst and HOTF, H 2 O 2 is produced.
When HOTF was further added to an acetone solution of [Cu 2+ (D1-OTF) with Fc * under single turnover conditions without O 2 clearly shows that the twoelectron reduction takes place in two successive steps in which the second step is slower, and this is the rate-determining step in the catalytic cycle in Scheme 3 as described above (see also Figures 5  and 7) . Under the catalytic conditions, however, the observed catalytic rate constant (k cat ) in the presence of O 2 is larger than twice the rate constant of the second step electron transfer, k cat > 2k et2 . This suggests that the initial electron-transfer reduction of (Figure 13 ) and is then protonated in the presence of excess acid to give off hydrogen peroxide (see the inset of Figure 13 ). The amount of D4 produced is about one-half of the amount of D2 judging from a comparison of the results in Figure 13 with those in Figure 11 . This indicates that the reaction of D2 undergoes protonation releasing hydrogen peroxide, rather than reductive cleavage by Fc * , as do complexes with a dioxygen-derived "trans"-μ-1,2-peroxo dicopper(II) (A), μ-η 2 : η ) 2 ] 2+ , the LUMO is mainly localized at the cleaved oxygen atom orbitals (Figure 15b) .
What is perhaps a puzzle at this point is that the (TMPA)− copper system, which provides for chemistry leading to . 51 One may conjecture that the peroxo group in A1 is well protected relative to the −OOH group in [Cu II 2 (LO)(OOH)] 2+ (D4), and that protonation of the latter is extremely fast, while for A1, outer-sphere proton-coupled electron-transfer reduction by Fc * easily proceeds. Certainly other factors may come into play, and a more rigorous experimental and theoretical understanding concerning preference for protonation or reduction surely will come about as more examples of both 4e , followed by electron-transfer reduction of an O 2 -adduct that must be formed, to give peroxo complex [Cu II 2 (LO)(OO)] + (Scheme 4). This is the first selective two-electron reduction of O 2 by a one-electron reductant with a copper complex acting as a catalyst. Future modifications of the supporting ligand may improve the catalytic activity for the selective two-electron reduction of O 2 to H 2 O 2 , the latter being a promising candidate as a renewable and clean energy source. 
